The generation of laser radiation by a nanostructured solid active element with natural selective optical nanoresonator formed in a nanoporous aluminum oxide film activated with rhodamine 6G has been obtained for the first time. The lasing is characterized by high-quality radiation with the absence of a spontaneous component. Chemical deposition of noble metals leads to the formation of internal nanoresonator into the porous structure. This reduces generation threshold more than two fold.
Introduction
The development of solid lasers based on organic compounds and, in particular, the use of nanoporous aluminum oxide (NAO) as the active medium activated with rhodamine 6G is a topical problem of modern material engineering [1] . There is the possibility of creating compact microlasers based on them, which will find wide application in various spheres of science and engineering [2, 3] . At present, research concerning the creation of laser generation using nanostructured materials activated with organic laser dies is being actively carried out [4] [5] [6] , in particular, with the use of aluminum oxide porous ceramics [7] . The studies of fluorescent properties of rhodamine dies incorporated into aluminum oxide pores were carried out in [8] [9] [10] , where it was shown that the fluorescence intensity of rhodamine 6G dye in aluminum oxide matrix increased compared to that in porous glass. The induced emission in the geometry to transmission in a porous matrix of anodic aluminum oxide doped with rhodamine 6G was obtained in [11] . The induced emission was observed against the background of a dye spontaneous radiation. The possibilities of generation in other modes and the ways to improve the quality were not considered. The generation of laser radiation by nanostructured solid active elements based on NAO films activated with rhodamine 6G in the geometry to reflection was obtained in [12] .
This work was aimed at obtaining the generation of laser radiation by solid active elements with selective nanoresonators formed in the nanoporous structures.
Experimental
Aluminum plates with a thickness of 0.1 mm, highpurity grade of 99.95 % AL, and size of 50×50 mm 2 were taken for anodization. Before anodizing, the plates were purified by de-oiling in 10 % solution of NaOH and blooming in 10 % solution of nitric acid. Then the material was electrochemically polished in a solution of the following composition: orthophosphoric acid (relative density of 1.7) 34 g, sulfuric acid (relative density of 1.84) 34 g, chromic anhydride 4 g, and water to 100 g. The electropolishing mode was U post = 12 V, current density was 2.5 A/dm 2 , temperature was 80-90
• C, and duration was 2-3 min. The anodization of the samples was carried out in 2 and 20 % solutions of sulfuric acid at 20
• C, U post = 12 V, and current density of 2 A/dm 2 in potentiostatic mode. The anodization parameters are described more detail in [13] [14] [15] [16] [17] [18] [19] [20] [21] . The anodizing duration amounted from 10 to 300 min. For the chosen mode and duration of aluminum anodization, layers from ≈200 nm to ≈85 µm, respectively, were formed on its surface.
Deposition of copper particles was performed electrochemically by the current of alternating polarity U alter =12-14 V and a current density of 0.2-0.5 A/dm 2 (potentiostatic regime) from an electrolyte with the following composition: copper sulfate 50 g/L, magnesium sulfate 20 g/L, and sulfuric acid (up to pH = 1). Treatment time was 3-4 min. Further treatment of layers containing copper nanoparticles in solutions of silver nitrate and gold tetrachloride to form silver and gold nanoparticles by exchange reactions was done from solutions of the following composition: for Ag, silver nitrate 1 g/L, sulfuric acid (to pH = 2); for Au, chloroauric acid (HAuCl 4 ) 1 g/L, sulfuric acid (up to pH = 1-2). Treatment time was 3-4 min.
The adsorption of rhodamine 6G molecules on NAO films in most cases was carried out from a solution with a concentration C = 10 −3 mol/L, which is the optimal value. In order to obtain the images of pores with a superhigh resolution, we used a Zeiss MERLIN VP Compact scanning electron microscope with a resolution of 5 nm, which works at 20 kV.
In order to measure the laser-generation spectra, we used an Avantas (AvaSpec-1024) spectrometer with a resolution of 0.4 nm in a wavelength range of 235-735 nm. In the pulsed mode, we used an Nd:YAG laser LOTIS TII (model LS2147) as a source of the laser generation excitation in the samples. The measurements were carried out by single pulses on the second harmonic (wavelength λ ex = 532 nm), pulse energy E from 0 to 90 mJ, and pulse duration t = 20 ns.
Results and discussion

Formation of selective optical nanoresonators in the NAO films
Formation of nanoresonators in the NAO films is explained by the specificity of chemical deposition; as a result, an additional effective layer of noble metal is formed on the surface of NAO, which leads to the formation of the film nanostructure of NAO, like the structure of a Fabry-Perot nanointerferometer (Fig. 1). FIG. 1. Scheme of selective nanoresonator in the NAO film, similar to the structure of FabryPerot nanointerferometer According to electron microscopy studies (see Fig. 2 ), alumina films have a high pore density. The pores are close to each other, have a wall thickness from 7 to 10 nm and a diameter of about 9-14 nm. As can be seen from the Fig. 2 , the NAO films have the hexagonal (honeycomb) structure of arrangement of pores. The formed silver nanoparticles have a diameter from ≈5 to ≈85 nm and are located predominantly on the surface or near the upper boundary of the porous layer (see Fig. 2 ). Silver nanoparticles being reduced on copper inside the pores are released from the pores and localized on the surface. According to the general opinion, metal electrodeposition in NAO occurs within the alumina pores and starts at the bottom part of pores [22] . However, according to the electron-microscopic image (Fig. 2) , during the chemical deposition, silver nanoparticles cover open ends of pores on the surface of the film. The process of directed diffusion migration of silver nanoparticles during chemical deposition of the latter can explain this fact. Silver cations are reduced within the pores on copper particles, copper being oxidized to the monovalent state. At the same state, intermediate solvated contact pairs of cations Cu + bonded to an Ag 0 atom are formed in a NAO narrow pore with a diameter of about 9-14 nm. Since these pairs have the same positive charge, the Coulomb repulsion facilitates their directional diffusion from the bottom of the pore to its surface. This leads to the formation of nanoparticles of noble metals predominantly on the surface of the NAO film or near it. Possible chemical reactions are shown on the scheme below:
FIG. 2. Electron microscopic photograph of superhigh resolution of the film of NAO (top view;
hexagonal structure of arrangement of pores)
Reactions (3)- (5) (1)- (5) repeated with subsequent aggregation of silver nanoparticles on the surface of the NAO film. Similar reactions occur in the case of chemical deposition of gold. Thus, the process of chemical deposition of noble metals on NAO with electrochemically predeposited copper nanoparticles leads to a redistribution of nanoparticles of noble metal from the bottom and walls to the top part of pores. A thin surface layer enriched with Ag or Au nanoparticles makes a high contribution to the imaginary part of the complex refractive index due to the nature of the Plasmon absorption of light by nanoparticles; therefore, the reflection coefficient of the surface layer increases as compared with a pure NAO film. A nanoresonator in which practically ideal conditions are created for multiple beam passing is formed automatically. Formation of the nanostructure of such a Fabry-Perot nanointerferometer increases the number of rereflections within the layer of NAO film, which increases the gain of active medium (active medium is NAO film activated with rhodamine 6G). As can be seen from the Fig. 2 , large silver nanoparticles are distributed on the surface of NAO at the distance of about 30-250 nm; i.e., the film is not continuous and pores are available for penetration of dye (rhodamine 6G) molecules. In our case, the phenomenon of the formation of the surface film of noble metal is unusual because it occurs spontaneously by redistributing the metal nanoparticles from the bottom of pore to its surface during the chemical reduction of a salt of noble metal on the electrochemically metallized NAO. Technically, the process of applying of the surface metal film by immersing of the metallized NAO film in a solution of noble metal salt is considerably simpler to perform than to carry out the vacuum deposition of a metal film.
The reflection spectra of the alumina films with deposited silver (solid line) and gold (dotted line) nanoparticles in reference to aluminum mirror are shown in Fig. 3 . It can be seen the effective reflection region for silver and gold is observed at λ em = 572 nm (a wavelength of the generated laser radiation). From Fig. 3 it is evident that gold and silver have a relatively effective selectivity. In the case of gold the wavelength of 572 nm is reflected in ∼2.4 times better than a wavelength of 532 nm; i.e., R(Au) 572nm /R(Au) 532nm ≈ 2.4, where R is the reflection intensity. With silver the situation is similar; R(Ag) 572nm /R(Ag) 532nm ≈2.5. This allows the use of nanoparticles of gold and silver as the mirrors of the nanoresonator for amplifying of the generated laser radiation (λ em = 572 nm).
Generation of laser radiation by NAO film with selective optical nanoresonator formed in the porous structure
In the absence of an external resonator, the generation of laser radiation by NAO film with natural selective nanoresonator formed into the porous structure was obtained. Fig. 4 shows the spectrum of laser radiation generation by the film of NAO activated with rhodamine 6G with internal nanoresonator. The generation occurs at a wavelength of 572 nm The line half-width is narrow and amounts to ∆λ F W HM = 9 nm. It is important to note that a component of spontaneous radiation is completely absent in the induced radiation spectrum. The absence of a spontaneous radiation component indicates the efficient pumping of the energy from the contour of the luminescence spectrum into a line of generation, which, for example, was not achieved in [11] . The transition from the photoluminescence to laser generation by the full absence of a spontaneous component occurs at a value of impinging radiation power density of about Pw ∼1 MW/cm 2 By taking into account small sample thickness and low quality of the internal nanoresonator, this value can be considered small.
Conclusion
Thus, in this work we have obtained and studied the generation of laser radiation by nanostructured solid active elements based on the films of nanoporous aluminum oxide with natural selective optical nanoresonators. Chemical deposition of noble metals leads to a redistribution of nanoparticles from the bottom to the top part of the nanoporous layer. This method achieves a sharper Fabry-Perot interference in a layered structure and reduces generation threshold more than two fold. The experiments have shown that the value of the generation threshold decreases to ∼1 MW/cm 2 , when nanoresonator is formed into the porous structure. In the absence of an external resonator, the generation of laser radiation with natural selective optical internal nanoresonator is obtained for the first time. In this case, the background of spontaneous luminescence is completely absent in the laser generation. The absence of a spontaneous radiation component indicates the efficient pumping of the energy from the contour of the luminescence spectrum into a line of generation. As a rule, this is inherent in solid lasers, like Nd:YAG, but in our case this phenomenon is observed in the solid element activated with an organic dye, which indicates the high quality of the obtained nanostructured solid elements approaching solid lasers in their properties.
Possible applications include micro/nanoscale lasers with indirect electrical pumping by laser diodes.
